Mutations in the Drosophila mus308 gene confer specific hypersensitivity to DNA-cross-linking agents as a consequence of defects in DNA repair. The mus308 gene is shown here to encode a 229-kDa protein in which the amino-terminal domain contains the seven conserved motifs characteristic of DNA and RNA helicases and the carboxy-terminal domain shares over 55% sequence similarity with the polymerase domains of prokaryotic DNA polymerase I-like enzymes. This is the first reported member of this family of DNA polymerases in a eukaryotic organism, as well as the first example of a single polypeptide with homology to both DNA polymerase and helicase motifs. Identification of a closely related gene in the genome of Caenorhabditis elegans suggests that this novel polypeptide may play an evolutionarily conserved role in the repair of DNA damage in eukaryotic organisms.
The mus308 gene is one of over 30 identified Drosophila genes required for resistance to DNA-damaging agents (10, 11, 27, 48) . Mutant alleles of mus308 are, however, unique in conferring strong hypersensitivity to DNA interstrand crosslinking agents such as photoactivated psoralen, diepoxybutane, and nitrogen mustard without conferring hypersensitivity to the monofunctional alkylating agent methyl methanesulfonate (13) . It thus seems probable that the wild-type mus308 gene product functions in a repair pathway that targets DNA crosslinks but is not required for either base excision repair of alkylated bases or the repair of DNA strand breaks occurring as a result of methyl methanesulfonate treatment. Very little is known about the mechanism by which interstrand cross-links are repaired in multicellular eukaryotes, and characterization of the mus308 gene represents an important step toward identifying the essential components involved in this repair pathway.
RESULTS
The mus308 gene was cytogenetically localized to the 87D1,2 region of the third chromosome and shown to be closely linked to the Men locus (35) , which codes for malic enzyme. Although the latter gene had not been cloned in Drosophila melanogaster, sequence information for the homologous gene in other organisms was available and revealed regions of perfectly conserved amino acid sequence among diverse species. Degenerate oligonucleotide primers were designed to amplify a small region of the Drosophila Men gene from genomic DNA by PCR. The resulting fragment was used to probe a lambda library of D. melanogaster genomic DNA, and one of the selected clones mapped to the 87D1,2 region by in situ hybridization to polytene chromosomes. We carried out a bidirectional chromosomal walk from this position that covered approximately 70 kb and crossed two deficiency breakpoints [Df(3R)kar and Df(3R)kar (35) ] that established the orientation of the walk and delimited the proximal extent of the mus308 gene. By in situ hybridization, the distal breakpoint of Df(3R)kar SZ-13 was mapped to a region 13.5 to 16 kb from the subsequently established 3Ј end of the mus308 gene. By genomic Southern blot analysis, the PCR-generated fragment from the putative Men gene mapped to a region 1.8 to 2.0 kb from the 5Ј end of the mus308 open reading frame.
Southern blot analyses of restriction fragment length polymorphisms (data not shown) and Northern (RNA) blot analyses of DNA and RNA from flies homozygous or hemizygous for several mutant alleles established the position of mus308 within the walk (Fig. 1) . The mus308 D15 allele is associated with a genomic insertion of approximately 4 kb that results in the synthesis of a truncated transcript of approximately 3.4 kb and low levels of a 9.0-kb mRNA that is likely to represent a large chimeric "readthrough" transcript (Fig. 1, lane 2) . The mus308 D9 allele has a different insertion of similar size in the same genomic region (Fig. 2) that results in undetectable transcript levels (Fig. 1, lane 3) . The mus308 D10 allele contains an insertion at the 3Ј end of the gene (Fig. 2 ) that leads to reduced levels of a slightly truncated 6.7-kb transcript (Fig. 1, lanes 4  and 5) . The mus308 D14 mutant expresses a normal-size transcript at 10% of the usual level, and the mus308 D2 mutant expresses transcripts of approximately 8.5 and 5.5 kb along with a moderately reduced level of normal-size transcript (data not shown). The nature of the mutations in these two alleles is unknown.
Sequence analysis of genomic clones and 13 partial but overlapping cDNA clones revealed a gene structure consisting of seven exons and a predicted open reading frame of 6,177 bases (Fig. 2 ). The precise transcriptional start site has not been determined, although Northern blot analysis indicates that it occurs within a region of four tandem repeats, each containing a consensus TATA sequence. The first ATG of the large open reading frame is situated 241 bp downstream of the most proximal TATA sequence. The sequence downstream from this ATG predicts a 2059-amino-acid, 229-kDa gene product.
Comparison of mus308 sequences with the GenBank database revealed the existence of genomic cosmid sequences from C. elegans encoding a polypeptide that is clearly homologous to the mus308 product. Sequencing of a partial cDNA clone (kindly provided by Y. Kohara, National Institute of Genetics, Mishima, Japan) permitted us to determine the location of exons that make up a portion of the mRNA encoded by this gene, which expresses a transcript approximately 5.5 kb in length (data not shown). We have tentatively named this C. elegans gene mus-1.
The C-terminal regions of the MUS308 and MUS-1 polypeptides share substantial identity (up to 38%) and similarity (up to 59%) with the C-terminal subdomain of prokaryotic DNA polymerase I (Pol I) enzymes (Fig. 3) . Sequence conservation is particularly striking in regions that are highly conserved within the bacterial and related bacteriophage sequences. This degree of sequence identity is sufficient to permit   FIG. 1 . Northern blot analysis of mus308 mutants. Total RNA from ovaries of the control strain mwh red e and the indicated alleles of mus308 was electrophoresed, blotted, and probed with a 2.2-kb EcoRI-SacI cDNA fragment (Fig. 2) . The migration and sizes (in kilobases) of standard RNA markers are indicated to the right of the blot. For normalization of loading, the blot was reprobed with the Drosophila ribosomal protein 49 gene (42) . The mus308 D16 allele is a deficiency that removes the entire mus308 gene and surrounding sequences (35) .
FIG. 2.
Schematic representation of the mus308 gene structure. The seven exons and six introns are shown to scale. Arrows show the extent of the 5Ј tandem repeat, the regions of helicase and DNA polymerase homology (detailed in Fig. 4 and 5) , and the location of an immediately adjacent gene. The bottom line indicates sites for restriction endonucleases EcoRI (E), PstI (P), and SacI (S). Gray bars delimit restriction fragments containing insertion sites in the indicated mus308 alleles or the distal breakpoint of deficiency Df(3R)kar .
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at Penn State Univ on April 14, 2008 mcb.asm.org homology modeling based on the known crystal structure of the Pol I Klenow fragment from Escherichia coli (6) . Modeling suggests a substantial conservation of structure between the polymerizing subdomain of Pol I and the last 400 amino acids of the MUS308 protein (Fig. 4) . The largest apparent changes in MUS308 relative to Pol I are a deletion of 8 residues in the loop region following helix H1, an insertion of 7 residues in a loop between helices J and K, and an insertion of 7 residues near the C-terminal end of helix Q. Insertions and deletions in these regions are also evident in one or more of the other bacterial or bacteriophage Pol I sequences. As judged by the method of Lüthy et al. (38) , the modeled structure has no seriously misfolded regions within the major secondary-structure elements that form the DNA-binding cleft (Fig. 5 ), and we propose that the C-terminal domain of MUS308 is homologous to prokaryotic Pol I. Further support for this contention derives from the numerous in vitro mutagenesis, cross-linking, and modeling analyses of Pol I that have identified amino acid residues critical for polymerase function. Of 23 amino acid residues that are both highly conserved throughout the Pol I family and implicated in function ( Fig. 3 ), 21 are conserved in both MUS308 and MUS-1 (Table 1) .
No convincing sequence alignment can be detected between MUS308 or MUS-1 and prokaryotic Pol I proteins outside of the polymerase domain. Pol I from E. coli is organized into three domains with three distinct enzymatic activities, an Nterminal 5Ј-nuclease, a central 3Ј 3 5Ј exonuclease, and the C-terminal polymerase domain. Not all Pol I-like DNA polymerases possess the proofreading 3Ј 3 5Ј exonuclease activity. Those which do possess the activity have three moderately conserved regions containing four side chain carboxylates that ligate the divalent metal ions which participate in catalysis of phosphoryl transfer (7-9), and we find little evidence of such sequences in the region immediately amino-terminal of the MUS308 or MUS-1 polymerase domains. However, closer to the N terminus is a region of 212 residues (737 to 948 in MUS308) that may represent a 5Ј-nuclease domain. This region is 41% identical and 61% similar between MUS308 and MUS-1, suggesting a significant conservation of function. All sequenced bacterial DNA polymerases of the Pol I family and related phage exonucleases contain six conserved motifs characteristic of the N-terminal 5Ј-nuclease domain (24) . These motifs include 10 conserved acidic residues, most of which are closely juxtaposed in the recently solved crystal structure of Taq Pol I from Thermus aquaticus (31) . The carboxylates of at least six of these side chains form three divalent metal ionbinding sites that may participate in the catalysis of phosphoryl transfer as proposed for the 3Ј 3 5Ј exonuclease domain of E. coli Klenow fragment. Four of these acidic residues are highly conserved not only in prokaryotic 5Ј-nucleases but also in several eukaryotic proteins (the RAD2/XPG family and the FEN-1 family) that can catalyze endonucleolytic cleavage at FIG. 3 . Similarity of the C-terminal domains of MUS308 and MUS-1 to bacterial Pol I. The predicted amino acid sequence was aligned with the polymerase domains from E. coli (E.c.), Streptococcus pneumoniae (S.p.), and Bacillus caldotenax (B.c.). Capital letters indicate that at least four of the five residues are identical or similar, and boldface type indicates 100% identity. Asterisks denote residues that are highly conserved among bacterial and bacteriophage Pol I sequences (15, 18) and which have been implicated in polymerase function (2, 30 DNA single-strand-duplex junctions, as can the 5Ј-nuclease of Pol I (16, 25, 26, 39, 44) . A similar cluster of four acidic residues is found in the 212-residue conserved region of MUS308 and MUS-1 (Fig. 6) . However, confirmation of the functional role of this domain of MUS308 will require biochemical data.
Remarkably, the N-terminal domains of MUS308 and MUS-1 contain the seven motifs characteristic of most members of "superfamily 2" DNA and RNA helicases (Fig. 7) (21,  22) . A BLAST search of the protein and translated nucleic acid databases by using these domains detects significant alignment (smallest sum probabilities, Ͻ0.05) with a large number of known or suspected helicases. Additional analysis by multiple sequence alignment indicates that three of the helicase motifs in MUS308 and MUS-1 occur in variant form, which serves to define a subfamily of putative helicases that also includes four other sequences from C. elegans, five sequences from S. cerevisiae, and the apparent human homologs of these sequences (accession numbers are given in Materials and Methods). Within most members of this subfamily, motif I (the Walker A box) is unusual in having a serine in place of the glycine found in almost all other known or putative helicases. In SwissProt (release 31), 3,077 protein sequences contain an annotated putative Walker A-type NTP-binding motif. Of these, relatively few have a serine in the same position as in members of the MUS308 family. Several are involved in replication, recombination, and/or repair, e.g., bacterial RecA protein and DnaB replicative helicase, yeast Rad57, and mammalian parvovirus NS-1 replication accessory protein. Another distinguishing characteristic of the MUS308 subfamily is a conserved threonine in motif V. This is almost invariably a hydrophobic residue in other known superfamily 2 members. An additional unique feature of the MUS308 subfamily is a methionine in motif VI that replaces what is commonly an arginine in other helicases. Finally, the subfamily also contains a conserved motif preceding motif V (called IVa in Fig. 7) , which, although present in some other helicases, is uniquely characterized by a histidine residue that is almost invariably a hydrophobic residue in other helicases (unpublished observations).
DISCUSSION
The C-terminal regions of MUS308 and MUS-1 are strikingly homologous to the polymerizing domains of the prokaryotic Pol I family. They are unlike any other sequenced eukaryotic DNA polymerase, with the possible exception of mitochondrial DNA polymerase ␥ (Pol ␥), which is believed to be an evolutionary homolog of bacterial DNA polymerase I. The C-terminal region of MUS308 shares considerably less sequence similarity with yeast Pol ␥ than it does with Pol I. Indeed, MUS308 is no more similar to Pol ␥ than Pol I is to Pol ␥, indicating that Pol ␥ is unlikely to be the evolutionary progenitor of MUS308. Aside from sequence homology, two other lines of evidence strongly support close homology between Pol I and MUS308. First, the three-dimensional structure of the C-terminal domain of MUS308 can be successfully modeled with Pol I as a template. We verified the legitimacy of this model by using a program which evaluates the local three- Profile analysis of the modeled three-dimensional structure of the C-terminal 416 residues of MUS308 (heavy line) and the corresponding region of the experimentally determined structure of the Pol I Klenow fragment from E. coli (lighter line) (6) . The method of Lüthy et al. (38) was used to evaluate the local environment of every amino acid side chain in the structure and score the suitability of that side chain for its environment. The window size shown is 20 amino acids. Potentially misfolded regions are indicated by scores approaching zero. The apparently misfolded region in both structures from 60 to 85 corresponds to a region of missing and poorly resolved residues in the Pol I template structure. Other low-scoring regions in the MUS308 model correspond to insertions in the sequence relative to Pol I. These areas were modeled de novo as loops and not extensively evaluated.
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at Penn State Univ on April 14, 2008 mcb.asm.org dimensional environment of every amino acid residue in the structure and scores the suitability of that side chain for its environment. If the modeled structure contains incorrect folds, this will be reflected in a low score for that particular region (38) . On average, the MUS308 model scores almost as highly as does the empirically determined structure of Pol I Klenow fragment. This provides a high degree of confidence that the structure of the C-terminal region of MUS308 is very similar to that of Pol I. Second, most of the amino acid residues known to be critical to polymerase function are conserved in both MUS308 and MUS-1. The two exceptions are Lys-635 (E. coli numbering) and His-734. Chemical modification of Lys-635 in E. coli Pol I results in a functional polymerase with reduced processivity (5). Mutation of His-734 to alanine significantly reduces both DNA binding and k cat(dTTP) for the polymerase reaction, although the extent of reduction in the latter is dependent on the dTTP concentration (2). The corresponding residue in both MUS308 and MUS-1 is phenylalanine. The effect of this substitution cannot currently be predicted. Phenylalanine 762 of E. coli Pol I is replaced by tyrosine in both MUS308 and MUS-1, as well as in some other bacterial Pol I sequences. Mutation of this residue to tyrosine in Pol I from E. coli and Thermus aquaticus greatly decreases the ability of the enzyme to discriminate deoxynucleotides from dideoxynucleotides (51) . The N-terminal domains of MUS308 and MUS-1 are clearly similar to the large superfamily of helicases and helicase-like proteins. We have identified 15 other sequences in GenBank which have uniquely characteristic sequence similarity to this region of MUS308 and MUS-1; however, only 1 of these, the SKI2 antiviral protein of S. cerevisiae, has any known biological function (55) . The MUS308 subfamily, as a group, is not obviously more closely related to any one helicase family than to another but, rather, appears to combine motifs from various families. For example, the sequence of motif II is characteristic of the so called DEXH family of helicases, which is highly diverse in function and includes "repair/recombination" helicases such as Rad3, Rad25, and Rad54 of S. cerevisiae and RecG and RecQ of E. coli. The sequence of motif IV, however, is more characteristic of the DEAD family of RNA helicases, and the asparagine in motif V is found in the SNF2/RAD54 family of helicase-like ATPases potentially involved in transcriptional regulation and DNA repair.
Biochemical and genetic analyses in both prokaryotes and eukaryotes indicate that DNA interstrand cross-links are repaired by an excision-recombination mechanism (17, 23, 29, 40, 41, 47, 53, 54) . In prokaryotes, removal of a DNA interstrand cross-link is initiated by the UvrABC endonuclease complex, which incises one strand on each side of the cross-link (53) . In eukaryotes, this initial step is presumably carried out by an analogous complex of proteins that is required for nucleotide excision repair (reviewed in reference 19). At least one allele of mus308 is proficient in the initial incision step of nuclear DNA cross-link repair (13) , and thus MUS308 does not appear to be involved in incision.
The first postincision step in cross-link repair in E. coli is thought to be the generation of a gap at the site of incision FIG. 6 . Alignment of metal-ion-binding residues of Taq DNA polymerase with a conserved region of MUS308. The acidic residues shown in boldface type correspond to residues 117, 119, 142, and 144 in Taq DNA polymerase. Also shown is a region of the human XPG repair nuclease and the FEN-1 protein, both of which possess 5Ј-nuclease activity with similarities to Pol I. Presence of helicase-like motifs in the N-terminal domain of MUS308. The predicted sequence was aligned with MUS-1 (predicted from the cDNA and genomic sequence), with related sequences from S. cerevisiae (SKI2 and YE02) and C. elegans (CEW08D2), and with a known DNA helicase (RecG) and RNA helicase (Dead) from E. coli. The eukaryotic sequences all belong to the MUS308 subfamily. Roman numerals indicate regions conserved in many DNA and RNA helicases, and the bars mark their approximate extent. Regions Ib and IVa are not commonly recognized motifs but are characteristic of the MUS308 subfamily. The asterisks denote residues that are highly unusual or unique among known or suspected helicases and thus might serve as markers for this subfamily. Shading marks regions of identity in at least three of the seven sequences. A portion of SKI2 and CEW08D2 is not shown and is marked by //. VOL. 16, 1996 DROSOPHILA mus308 GENE 5769
at Penn State Univ on April 14, 2008 mcb.asm.org through the action of the 5Ј-nuclease of Pol I, perhaps in concert with the UvrD helicase. The resulting single-stranded region provides a substrate for binding of RecA protein and the initiation of homologous pairing and strand exchange (47) . The polymerizing activity of Pol I can then carry out repair synthesis with the undamaged homolog as a template. Pol I can also fill in the gap left by subsequent excision of the cross-link from the other strand. The polymerase domain of the MUS308 protein may play a role analogous to bacterial Pol I in gap fill-in during recombinational repair of DNA cross-links. A 5Ј-nuclease, if present, might function to create the gap necessary for binding of proteins that promote homologous pairing and strand exchange. The helicase domain could function similarly to one of several helicases of E. coli (RecBCD, UvrD, RecG, and RuvAB) known to participate in various aspects of recombinational repair. The MUS308 helicase domain has some sequence similarity to the RecG helicase, particularly in motif V and in the lack of a nearly invariant arginine in motif VI (Fig. 7) . Few DNA polymerases can catalyze strand displacement from a nick or small gap in the absence of a helicase or other accessory factor, and covalent coupling between a helicase and a polymerase would be one mechanism to coordinate duplex unwinding and polymerization.
Two lines of evidence suggest that MUS308 is involved in the repair not only of interstrand cross-links but also of other types of DNA damage in which the coding potential of both strands is simultaneously compromised. Such damage can occur as a result of DNA synthesis on a damaged template, with the formation of daughter strand gaps opposite lesions (reviewed in reference 19). It has been observed that mus308 D2 mutant primary cell cultures display a reduced ability to synthesize high-molecular-weight DNA in vivo on a UV-damaged template (14) , indicative of a defect in repairing such damage. A similar role for MUS308 was recently proposed on the basis of the hypermutability of a mus308 mutant in response to mutagens that produce persistent lesions in DNA (1) .
The phenotype of mus308 mutants is comparable in certain respects to that seen in Fanconi anemia, a typically fatal human genetic disorder that is characterized by cellular hypersensitivity to DNA-cross-linking agents and a failure of bone marrow stem cells to proliferate normally, leading to pancytopenia. The gene for one of the four known complementation groups of Fanconi anemia has been cloned. However, the predicted amino acid sequence has thus far provided no clue to the function of this gene (49, 50) . We are currently investigating the possibility that mus308 is a homolog of one of the Fanconi anemia genes. Other than mus308 and possibly one or more of the genes associated with Fanconi anemia, the only reported example of a gene specifically associated with unique sensitivity to cross-linking agents is the PSO2 gene (also known as SNM1) (28, 45) . The predicted amino acid sequence of this gene is also uninformative with respect to function.
Should biochemical analysis confirm that the MUS308 protein is in fact a helicase-polymerase or a helicase-nuclease-polymerase, it will represent the first example of these activities residing on the same polypeptide. Biochemical characterization of these activities and the identification of homologs in other eukaryotes should prove useful in elucidating the mechanism of DNA cross-link repair in eukaryotes.
